Abstract We describe a modification to the collapsing method, a technique that aims to find the simplest structures in a cloud of microearthquakes by utilizing the statistical uncertainties in the data. In the modified collapsing method, the movements of the locations are dependent on the shape of the distribution of the locations within the confidence ellipsoid, and not just the position of the center of gravity, as is the case in the original method. Additionally, whereas the original collapsing method implicitly assumes that all locations belong to point structures, in this modified version three types of structure are considered: point, line, and plane. Principal component analysis of the locations is used to evaluate to which type of structure each location most probably belongs. The modified technique has been applied to microseismic events associated with hydraulic stimulation at the Fenton Hill HDR Field, New Mexico, and known small-scale structures were imaged.
Introduction
It is been widely accepted that the acoustic emission/ microseismic (AE/MS) technique is one of the most useful methods for characterizing the dynamic behavior of geothermal and oil reservoirs during development and production (Niitsuma et al., 1999) . However, locations contain an element of misfit resulting from observational uncertainty in picking and local variations in velocity, and because of these uncertainties the calculated locations are perturbed from their true positions. Microseismic location data sets are typically distributed with a diffuse cloudlike appearance. It is commonly understood that combined interpretation of microseismicity, well logging, and geological information is a key to understanding the physics of reservoir systems, but the resolution of the microseismic mapping often limits the data integration. Therefore, the development of mapping techniques that can locate microseismic events with increased resolution is desirable. Jones and Stewart (1997) presented a method for imaging significant structures in clouds of earthquakes using statistical optimization. This method is referred to as the "collapsing method," and it has been applied to volcanic seismicity (Jones and Stewart, 1997) and microseismicity associated with the stimulation of a hot dry rock (HDR) geothermal reservoir (Jones et al., 1996) . Fehler et al. (2000) incorporated the central observation of the collapsing method as a constraint in a joint hypocenter determination (JHD) process, termed JHD-collapsing, and apply the process to a microseismic data set. Because the modified collapsing technique is intended to image structures, it should be applied to seismicity where distinct clusters and structures, such as faults, can reasonably be assumed to exist.
In the original collapsing method, Jones and Stewart (1997) made the observation that actual physical seismic locations have a simpler structure than that of the calculated locations. This happens because the calculated locations are affected by random noise that makes the calculated locations spread out, and so the observed structure becomes blurred, or cloudlike, in comparison with the true, but unknown, structure. The original collapsing method attempts to image the simplest structure that is consistent with the data set and its estimated uncertainties. The collapsing method consists of iteratively applying a simple attraction rule. Each hypocenter is in turn moved toward the center of gravity of all the locations found within its original confidence ellipsoid defined to some high confidence level. The process finishes when the observed set of movements is consistent with the uncertainty in the data. The collapsing method aims to image structures that are larger than the typical uncertainty ellipsoids and are therefore deemed to be significant. In this article we investigate a new variation on the collapsing method that aims to better estimate the smaller scale structures inside the microseismic cloud.
The Modified Collapsing Method
Whereas the original collapsing method implicitly assumes that all the locations are derived from point structures, the modified collapsing method attempts to determine which of the three possible structures the location is most likely to form part of: point, line, or plane. We now briefly describe the original collapsing method and then show how the structure-estimation process is incorporated to give the modified collapsing method.
Step 1: Location After picking phase onsets, a conventional location method is used, for example, JHD (Frohlich, 1979; Aki and Richards, 1980) . The location and origin times of all the microearthquakes and the station corrections are optimized as far as is possible. Ideally the residual errors after the location process should be Gaussian given that all systematic or spatially extensive uncertainties have been removed and only random uncorrelated uncertainties remain.
Step 2: Calculation of Error Ellipsoids Confidence ellipsoids are calculated for each location via the standard error (Aki and Richards, 1980) . For practical purposes the confidence ellipsoids are truncated at a specified confidence level; for example, Jones and Stewart (1997) used 99.86% (which is four standard deviations for a chisquare distribution with three degrees of freedom).
Step 3: Selection of Target Locations For a given microearthquake, termed the target event, all the locations within the confidence ellipsoid of the target event are found, and the geometric center of gravity is calculated.
Step 4: Movement of Locations The location of the target event is moved toward the calculated center of gravity. The significance of the movement of the event from its original location is calculated in terms of its own confidence ellipsoid.
Steps 3 and 4 are repeated for all the locations in the cloud; this constitutes one complete iteration. The process is repeated until the distribution of normalized movements best fits the chi-square distribution with three degrees of freedom.
It can be seen from the description of the method that by always moving locations toward the local center of gravity the method is implicitly making the assumption that all structures are point structures. The point structure is the simplest type of structure. We now make the assumption that there are three possible types of original structure which locations may belong to: point, line, and plane. Each location must have come from one of these three types of structure. We estimate the most probable original structure for the target event, in step 3 (point, line, or plane), and use the dimensionality of the estimated original structure to determine the type of movement allowed in step 4.
The type of original structure for the target event is estimated by using principal component analysis (PCA) of all the locations that fall within the confidence ellipsoid of the target event. After transforming the coordinate system to the principal axes of the confidence ellipsoid of the target event (qth location), the variance-covariance matrix of the locations r l inside the confidence ellipsoid of the target location is, Equation (1) is weighted by the reverse of the principal component of the confidence ellipsoid to remove the distorting effect of the nonspherical confidence ellipsoid of the target event. The eigen equation (equation 2) is then solved to find the eigenvalue and eigenvectors of the distribution of locations.
The relative lengths of the eigenvalues are a measure of the structure of the locations, and we used the following criterion to identify the original structures and so assign the target location to one of the three possible structures:
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where T ij are the thresholds for estimation of the structures. The level of the threshold is decided by numerical simulation and is described in the next section. After identifying the original structure for the target event, the movement and evaluation function in the collapsing are restricted as follows (see Figure 1 ).
1. Plane: The movement is parallel to the shortest eigenvector of the distribution of locations, that is, in a line perpendicular to the plane. The normalized movements are fitted to a chi-square distribution with one degree of freedom (i.e., normal distribution). 2. Line: The movement is perpendicular to the longest eigenvector of the distribution of locations, that is, in a plane perpendicular to the line. The normalized movements are fitted to a chi-square distribution with two degrees of freedom. 3. Point: The movement is toward the center of gravity of the distribution. The normalized movements are fitted to a chi-square distribution with three degrees of freedom. This is the same procedure as in the original collapsing method.
These new structure-dependent movement rules are included in procedures 3 and 4 in the original collapsing method so the structure for each target event is recalculated during each iteration. In the original method, the objective function to be minimized was the difference between the distribution of normalised movements for the actual locations and the theoretical chi-squared distribution with three degrees of freedom. The difference is found using the Kolmogorov test (Press et al., 1986) , which is based on the greatest difference between the two cumulative distributions. In the modified method the misfit for each of the three types of structure is calculated using the Kolmogorov test with a chi-squared distribution with the appropriate number of degrees of freedom. The three misfit values are then weighted and used to form the objective function. The fraction of the locations in the data set, which belong to each type of struc- ture, is used to weight the contribution of each of the three misfits to the overall objective function.
Numerical Simulation
Numerical simulation is used to determine the values for the two thresholds that are used to decide which of the three defined original structures the target location comes from. The numerical values of the thresholds are by their nature somewhat arbitrary as the eigenvalue ratios will vary continuously as functions of the aspect ratios of the synthetic cloud, the event densities, and the confidence ellipsoid sizes used in any numerical simulations.
After running many simulations we defined the level of both of the thresholds to be 1.5, although it is observed that as expected, the distribution of eigenvalues produced by the simulations does overlap somewhat for the three structures. If both eigenvalue ratios are less than 1.5, the original structure is considered to be approximately equidimensional, that is, a point. In the case where T 12 is greater than 1.5, and T 23 is less than 1.5, the original structure is considered to be significantly elongate in one dimension and so is considered a line. All the remaining cases are considered to be planes, that is, T 23 is greater than 1.5. Figure 2 shows the T 12 and T 23 ratio results from three simulations, in each case 50 events were perturbed from the original structure using Gaussian noise. For the cases illustrated in Figure 2 , the variance of the noise was chosen so that for each location approximately half of the other locations are inside the error ellipsoid with a significance of four standard deviations.
Application to Synthetic Data
Three synthetic data sets, a point, a line, and a plane are used to illustrate the method and how it differs from the original. All the locations initially lie on the structure and are moved by adding Gaussian noise. Reading from left to right, Figure 1 shows the movement rules for the three types of structure, the perturbed locations for the three structures, and the results after the application of the original and modified collapsing methods. The synthetic data and the results are all presented using three orthogonal views, in each case the top left view is X-Y, the top right is Z-Y, and bottom left is X-Z. In all cases, the axis extend from minus two to plus two. In order to examine the effect of nonspherical confidence ellipsoids, the amount of perturbation is varied for each axis, standard deviations of 0.1, 0.2, and 0.4 are used for the X, Y, and Z directions, respectively. The original point structure is centered at the origin. The original line structure extends from ‫)1מ,0,0(‬ to (0,0,1), and the original plane structure is centered at the origin, lies in the Y-Z plane, and has a radius of one.
Inspection of Figure 1 shows that the modified collapsing method has been more successful in estimating these structures than the original method. For the point-structurederived data, both methods recover the original structure. Since nonspherical confidence ellipsoids were simulated in the data perturbation process the perturbed locations appear to form an elongated structure before the application of the collapsing method. For the line derived data the original method produces a structure that is shorter than the original structure, whereas the modified method gives a result that is much closer to the original structure but slightly overestimates the length of the original line. The same observations are true for the case of the plane synthetic: both methods recover the structure, but the modified method gives a result that is closer to the original structure. The modified method gives better results for the line and plane synthetics because it does not assume that the points are derived from point structures.
Application to Field Data
The modified collapsing method was applied to microseismic data collected at Fenton Hill, New Mexico (House, 1987) . For this study we have selected a cluster of events, which is referred to as "cluster-5" (Phillips, et al., 1997) as the test data. Three types of locations have already been determined for this cluster; locations calculated from ordinary manual phase picks (Phillips et al., 1997) , JHD-collapsing locations for the same picks (Fehler et al., 2000) and locations calculated from picks obtained using a more precise visual peak identification method (Phillips et al., 1997) . The visual peak-identification method gives a higher resolution relative mapping than the ordinary picks, because the relative times of arrivals are picked using the similarity of features within the waveforms rather than just trying to identify where the first arrival emerges from the noise. The locations calculated from the peak-identification timing data, which we here term clustered locations, have residual rms errors that are only 60% of those of the conventional locations, so we expect the clustered location image to show some scatter but less than the conventional locations. The original and modified collapsing methods are applied to the ordinary picked arrival time data, and the results are then compared to the conventional and clustered locations.
The conventional JHD locations, original and modified collapsing results, and clustered locations are all shown in a 3D view in Figure 3 . The JHD locations (top left) shows some indistinct clustering near its center but has little clear structure. The clustered locations (top right) show more structure, with a linear structure imaged in the center and some other smaller groupings are also imaged. The image produced by the original collapsing method (bottom left) shows similar trends to that of the clustered locations with a linear feature in the middle of the group and a subparallel linear feature is also imaged on the right of the group. The modified collapsing (bottom right) results are more similar to the clustered locations than those produced by the original Figure 4 . Three orthogonal projections of the locations found by the clustering method (Phillips et al., 1997) (left) and by the modified collapsing method (right). For both sets of results the locations are projected onto depth sections normal and parallel to the strike of cluster 5A (N20W).
collapsing method. The modified collapsing results show the same two linear trends as the original collapsing method and also show some indication of a feature on the left of the group that is imaged in the clustered locations. Of the 727 locations in the cluster analyzed, the modified collapsing method identified approximately 40% of the locations as belonging to planar structures, 40% as belonging to linear structures, and 20% as belonging to point structures using threshold values of 1.5.
The locations from the clustering and modified collapsing are compared in more in detail using three 2D projections horizontal, normal to, and parallel to the structure of cluster 5A (N20ЊW, Phillips et al., 1997) in Figure 4 . In the horizontal view, two structures in the clustered results oriented N20ЊE appear as two structures with N18ЊE strike in the modified collapsing results. The feature 5A has two parallel semivertical planar structures in the clustered locations that can be seen in the normal to strike view (bottom left). The modified collapsing method imaged three parallel structures along lines A1-A1Ј, A2-A2Ј and A3-A3Ј, which are seen in the corresponding view in Figure 4 . It is also seen in the strike parallel projection that the structure indicated by A3-A3Ј appears as the alignment of some features indicated by the line A3Љ. The cluster-5B in the clustering mapping has 45Њ of dip, and the structure along the line B-B with a dip of 58Њ in the collapsing mapping corresponds to this. Although this structure can not be seen clearly in the clustered mapping, it may still be a real seismic structure because it is parallel to the other semivertical planes. Phillips et al. (1997) have investigated the relationship between the stress field and the seismic structures and concluded that the orientation of clusters 5A and 5B are consistent with stress conditions under hydraulic stimulation. Therefore the structures imaged by the modified collapsing method may also correspond to seismically active fractures.
Conclusions
We have described a new technique, based on the collapsing method, which can be applied when the seismicity being imaged can generally be assumed to originate from distinct structures or clusters. We have described a new imaging method for earthquakes, based on the collapsing method. The probable structure of the cloud is estimated by principal component analysis of the distribution of locations around the target location. Location movements in the modified collapsing process are then restricted depending on the dimensionality on the estimated original structures. Numerical tests of synthetic data show that the method can estimate the original structure even when the structure is of a size comparable to the confidence ellipsoid. The modified collapsing method was applied to field data from Fenton Hill, New Mexico, and structures in the microseismicity associated with hydraulic fracturing were successfully imaged. The modified collapsing method has the potential to better resolve smaller scale structures at the cost of a small increase in the complexity of the method. The improved resolution of structures may be helpful in increasing the understanding of the dynamic behavior and structure of reservoirs.
